This study proposes a molecular mechanism for lung epithelial A549 cells response to copper oxide nanoparticles (CuO-NPs) related to Cu ions released from CuO-NPs. Cells that survived exposure to CuO-NPs arrested the cell cycle as a result of the downregulation of proliferating cell nuclear antigen (PCNA), cell division control 2 (CDC2), cyclin B1 (CCNB1), target protein for Xklp2 (TPX2), aurora kinase A (AURKA) and B (AURKB). Furthermore, cell death was avoided through the induced expression of nuclear receptors NR4A1 and NR4A3, and growth arrest and DNA damage-inducible 45 β and γ (GADD45B and GADD45G, respectively). The downregulation of CDC2, CCNB1, TPX2, AURKA, and AURKB, the expressions of which are involved in cell cycle arrest, was attributed to Cu ions released from CuO-NPs into medium. NR4A1 and NR4A3 expression was also induced by Cu ions released into medium. The expression of GADD45B and GADD45G activated the p38 pathway that was involved in escape from cell death. The upregulation of GADD45B and GADD45G was not observed with Cu ions released into medium but was observed in cells exposed to CuO-NPs. However, because the expression of the genes was also
A549 cells. First, we identified genes affected by exposure to CuO-NPs and inferred functional changes of cells using Gene Ontology (GO) analysis, in which affected genes were classified into functional categories. Next, we performed global gene expression analysis of cells exposed to Cu ions released from CuO-NPs into medium, and identified genes that were regulated by both CuO-NPs and released Cu ions. These analyses revealed the contribution of released Cu ions to the toxicity of CuO-NPs at the molecular level. Furthermore, we examined the gene expression of cells exposed to different concentrations of CuCl 2 to confirm the contribution of Cu ions released from CuO-NPs. Our results suggest that the in vitro cytotoxicity of CuO-NPs is primarily due to the effects of Cu ions that are released into the culture medium and absorbed into cells.
RESULTS AND DISCUSSION

Preparation and characterization of medium containing Cu ions released from CuO-NPs.
The average diameter of CuO-NPs used in this study was 50 nm, 1 and the mean aggregate size of the particles after dispersal in medium at a concentration of 25 µg/mL was around 300 nm (Supporting Information Figure S1 ). However, CuO-NPs were immediately sedimented. The morphology and electronic properties of CuO-NPs have been reported previously. 1 To investigate the contribution of the released Cu ions to the toxicity of CuO-NPs, we prepared culture medium containing Cu ions released from CuO-NPs (Supporting Information Figure S2a ).
CuO-NPs (25 µg/mL final concentration) were added to the culture medium and incubated at 37°C for 24 h. Then, the medium containing CuO-NPs was centrifuged at 150,000 × g for 1 h to remove the CuO-NPs. Inductively coupled plasma optical emission spectrometry (ICP-OES) indicated that the Cu concentration in the resulting supernatant was 13.2±1.54 µg/mL (11.6-15.0 µg/mL, n=5). To examine the presence or absence of CuO-NPs in the supernatant, we analyzed the supernatant using a laser diffraction particle analyzer (DLS). The analysis revealed the presence of NPs in the supernatant ( Figure 1a) . However, the similar pattern of size distribution was also observed in the culture medium without CuO-NPs after incubation at 37°C for 24 h ( Figure S3 ). This result indicated that released Cu ions are also toxic and may account for part of the toxicity of CuO-NPs. In addition, we used the water-soluble tetrazolium salt (WST) cell proliferation assay, which is based on the production of formazan from WST-8 by mitochondrial dehydrogenases in viable cells, to measure cytotoxicity. The amount of formazan produced by cells cultured in 25 µg/mL CuO-NPs or the supernatant was 20% and 57% of that of the control culture, respectively ( Figure 2b ). This result implies that the CuO-NPs and released Cu ions damaged the mitochondria. This damage occurred after 4 h of exposure to CuO-NPs (Supporting Information Figure S4 ). Furthermore, supplementation of Al 2 O 3 -NPs with 50 nm in size, that were used as non-toxic dummy NPs, to the supernatant did not affect the formazan formation of the supernatant (Supporting Information Figure S5 ), suggesting released Cu ions alone damaged mitochondria.
Approximately 9% cells underwent apoptosis in response to CuO-NPs, but we observed few apoptotic cells in culture with the supernatant (Figure 2c ). These results suggested that CuO-NPs damaged mitochondria and induced apoptosis, and that released Cu ions were responsible for some of the damage to the mitochondria.
To confirm the contribution of released Cu ions to the toxicity of CuO-NPs, we examined the cytotoxicity of different concentrations of CuCl 2 . In cultures with the supernatant, the number of viable cells and the amount of formazan was 81% and 57% of control culture levels (Figure 2a, b) .
The concentration of CuCl 2 required for similar toxicity was 25-33 µg/mL (Figure 2d , e). This concentration is equivalent to 11.8-15.6 µg/mL Cu ions, which was consistent with the concentration of Cu ions that were released from CuO-NPs. This result showed that the effect of Cu ions that are released from CuO-NPs is similar to that of Cu ions from CuCl 2 .
Next, we examined the uptake of CuO-NPs into cells using TEM. NP-like structures were observed inside cell (Supporting Information Figure S6 ). To verify whether these NP-like structures are attributed to CuO-NPs, elemental maps were analyzed. The elemental maps clearly showed that CuO-NPs were taken up into cell ( Figure 3 ).
Molecular
Response of Cells to CuO-NPs. To elucidate the underlying molecular mechanism of CuO-NP toxicity, comprehensive gene expression analysis was performed using DNA microarray.
We exposed A549 cells to 25 µg/mL CuO-NPs for 24 h, and then identified genes that demonstrated greater than 2-fold change in expression level compared with those in control cells. Our results revealed that CuO-NPs upregulated the expression of 648 genes and downregulated the expression of 562 genes. These data have been deposited in the Gene Expression Omnibus database with accession code GE33278. By classifying these genes into GO functional categories, we obtained the following statistically significant categories (p < 0.001): CuO-NPs upregulated genes that affect "nucleobase, nucleoside, nucleotide, and nucleic acid metabolic processes" and "response to stress" and downregulated genes that affect "cell cycle," "mitosis", "cytokinesis," "chromosome segregation," "cellular component organization," and "cellular component morphogenesis" ( Figure   4 ; a list of genes in each category is shown in Supporting Information Tables S1-S6). The upregulated 31 genes in the "response to stress" category included genes that encode heat shock proteins (HSPs) (Supporting Information Table S2 ) and proteins involved in mitogen activated protein kinase (MAPK) pathways, such as growth arrest and DNA damage-inducible 45 β and γ (GADD45B/GADD45G) and nuclear receptors 4A1 and 3 (NR4A1/NR4A3) ( Figure 4a and Table 1 ).
We confirmed the upregulation of GADD45B/GADD45G and NR4A1/NR4A3 at protein level by using western blot analysis (Supporting Information Figure S7 ).
The upregulation of many HSPs suggested that CuO-NPs stimulate protein denaturation.
GADD45B and GADD45G are members of the GADD45 family of proteins that are induced by genotoxic stresses and various apoptotic cytokines [11] [12] [13] and are involved in cell cycle arrest, [14] [15] [16] [17] [18] [19] DNA repair, [20] [21] [22] cell survival, [22] [23] [24] [25] [26] [27] and apoptosis. These functions are mediated by proliferating cell nuclear antigen (PCNA), cell division control 2 (CDC2), cyclin B1 (CCNB1), and cyclin-dependent kinase inhibitor 1A (CDKN1A; also known as p21), which are classified in the GO "cell cycle" category. PCNA is involved in DNA repair and the transition from the G1 to the S phase of the cell cycle. [20] [21] [22] In contrast, CDKN1A inhibits PCNA and blocks the transition from the G1 to the S phase of the cell cycle. 20, 38 The CDC2-CCNB1 complex is required for the transition from the G2 to the M phase. 39, 40 Although CuO-NPs did not affect the expression of CDKN1A, they downregulated the expression of PCNA, CDC2, and CCNB1 ( Figure 4b , Table 1 ), which suggests that CuO-NPs induce cell cycle arrest in the G1 and G2 phases. In addition, CuO-NPs downregulated the expression of genes that encode aurora kinase A and B (AURKA/AURKB) and target protein for XKlp2 (TPX2) (Figure 4b and Table 1 ), which peak during the G2/M transition and are involved in the assembly and maintenance of the spindle. 41 To confirm that CuO-NPs cause cell cycle arrest, we isolated cells that survived exposure to CuO-NPs and cultured them in fresh culture medium that did not contain CuO-NPs. However, these cells did not proliferate for 72 h (Supporting Information Figure S8a ). When we harvested these cells and cultured them again in fresh culture medium that did not include CuO-NPs for an additional 72 h, their proliferative capacity was restored; however, their rate of proliferation lagged behind that of control cells (Supporting Information Figure S8b ). These results indicated that the surviving cells were in a state of cell cycle arrest after exposure to CuO-NPs. Since cell cycle arrest is thought to provide time for cells to repair damaged DNA, it is likely that CuO-NPs compromise cell survival.
The expression of GADD45B and GADD45G has been reported to activate the c-Jun N-terminal kinase (JNK) and p38 pathways via MAP 3 kinase 1 (MTK1). 28, 42, 43 In addition, activation of these pathways induces the activation of the constituent proteins of the activator protein 1 (AP-1) transcription factor complex, such as c-Jun, JunD, and activating transcription factor 2 (ATF2). 44, 45 AP-1 is involved in both apoptosis and cell survival. 46, 47 (Figure 5a and Supporting Information Figure S9 ). Similar to SB239063, when GADD45B in cells exposed to CuO-NPs was knocked down with small interfering RNA (siRNA) (Supporting Information Figure S10 ), they were more sensitive to CuO-NPs than cells with normal GADD45B expression, and the number of viable cells decreased (Figure 5b and Supporting Information Figure S11 ). Together, these results suggest that the upregulation of GADD45B/GADD45G due to CuO-NPs promotes cell survival by activating the p38 pathway. The activation of the p38 pathway in turn activates ATF2, which interacts with FOS, FOSB, and ATF3 in the AP-1 complex. In addition, we observed the upregulation of these proteins by CuO-NPs ( Figure   4a and Table 1 ), which strongly suggested that the underlying mechanism of cell survival involved the p38 pathway.
CuO-NPs also upregulated NR4A1 and NR4A3. These nuclear receptors are involved in both cell survival and apoptosis and are activated via the mitogen-activated protein kinase/extracellular signal-regulated kinase 5 (MEK5/ERK5) pathways. 48, 49 When NR4A1 in cells exposed to CuO-NPs was knocked down with siRNA (Supporting Information Figure S10 ), A549 cells were more sensitive to CuO-NPs than cells with normal NR4A1 expression, and the number of viable cells decreased ( Figure 5b and Supporting Information Figure S11 ). These results indicated that the upregulation of NR4A1 is also involved in cell survival after exposure to CuO-NPs.
DNA damage is well known to activate p53, which induces checkpoint arrest in the G1 and G2/M phases of the cell cycle and apoptosis in cells that cannot recover from DNA damage. 50 The checkpoint function of p53 is activated by the phosphorylation of ataxia telangiectasia mutated (ATM), ataxia telangiectasia and Rad3-related protein (ATR), and checkpoint kinase 1 (Chk1).
Subsequently, activated p53 induces the expression of GADD45A and CDKN1A.
30,51-54 Although
CuO-NPs downregulated ATR, they did not affect the expression of GADD45A or CDKN1A (Table   1 ). Therefore, we concluded that p53 does not play a major role in the response of cells exposed to CuO-NPs.
Contribution of Cu Ions
Released from CuO-NPs at the Molecular Level. In addition to the genes that demonstrated altered expression in response to CuO-NPs, we identified genes that were altered in response to the Cu ions released from CuO-NPs into culture medium to determine their contribution to the molecular response to CuO-NP exposure. Cells exposed to the supernatant for 24
h upregulated 108 genes ( Figure 6a ). Of these 108 genes, 54 were also found in the list of 648 genes upregulated by CuO-NPs ( Figure 6a and Supporting Information Table S7 ). Therefore, of 648 genes upregulated by CuO-NPs, 594 upregulated genes were induced by CuO-NPs themselves, but 54 upregulated genes were attributable to Cu ions released from CuO-NPs into the culture medium.
After classifying these 54 shared genes into GO functional categories, we did not identify any statistically significantly enriched categories. This finding suggests that released Cu ions do not contribute to changes in cellular functions related to "nucleobase, nucleoside, nucleotide, and nucleic acid metabolic processes" or "response to stress," categories found to be enriched in the classification of genes upregulated by CuO-NPs. The changes in these two functions were specifically induced by CuO-NPs themselves. However, NR4A1 and NR4A3, which are involved in "response to stress", were upregulated by both CuO-NPs and the supernatant (Table 1 and Supporting Information Table S7 ), suggesting that these genes were induced by Cu ions released from the CuO-NPs.
We identified genes encoding super oxide dismutase 2 (SOD2), which functions as a ROS Table S8 ).
Therefore, of 562 genes downregulated by CuO-NPs, 507 genes were specifically downregulated by CuO-NPs themselves, but 55 genes were downregulated by Cu ions released from CuO-NPs. After classifying these 55 shared downregulated genes into GO categories, we identified statistically significantly enriched functional categories including "cell cycle," "mitosis," and "chromosome segregation" (Figure 6c ; a list of genes in each category is shown in Supporting Information Table   S9 ). These categories were also identified in the classification of genes downregulated by CuO-NPs (Figure 4b ), suggesting that changes in these cellular functions by CuO-NPs were attributable to Cu ions released from CuO-NPs into culture medium.
Among genes downregulated by CuO-NPs, CDC2, CCNB1, PCNA, AURKA/AURKB, and TPX2 were classified into GO categories "cell cycle," "mitosis," or "chromosome segregation" (Figure 4b ). Downregulation of CDC2, CCNB1, AURKA/AURKB, and TPX2 has been reported to induce cell cycle arrest in the G2 phase, [39] [40] [41] and downregulation of PCNA led to cell cycle arrest in the G1 phase. 20, 38 Among these genes, CDC2, CCNB1, AURKA/AURKB, and TPX2 were also downregulated by the supernatant, but PCNA was not changed by the supernatant (Table 1) . We observed a marked increase in the number of cells in the G2/M phase upon exposure to CuO-NPs and the supernatant compared with control cells (Figure 8 ). In addition, an increase in the G1 population accompanied by a decrease in the S-phase population was observed in the cells exposed from CuO-NPs into culture medium, the expression levels of GADD45B, GADD45G, FOSB, and ATF3, which were induced by CuO-NPs but not Cu ions released from CuO-NPs into culture medium, were upregulated (Table 1) . These results suggest that the changes in gene expression due to CuO-NP exposure might be not due to the nanoparticles themselves but rather to the high concentration of Cu ions that are released from internalized CuO-NPs. Finally, we examined toxicity of CuO-NPs using primary human lung epithelial cells. CuO-NPs and Cu ions also showed a toxic effect on primary cells (Supporting Information Figure S13 ). In addition, primary cells upregulated expression of genes involved in MAPK pathways such as GADD45B/GADD45G and NR4A1/NR4A3, which is similar to that in A549 cells (Supporting Inofrmation Figure S13 ). However, expression of several genes related to cell cycle regulation such as PCNA, CDC2 and AURKB showed a different pattern from that of A549 cells.
This study demonstrated that change of gene expression in A549 cells exposed to CuO-NPs is similar to that of cells exposed to CuCl 2 , which suggests that Cu ions that are released from 
MATERIALS AND METHODS
CuO Nanoparticles. CuO nanoparticles (CuO-NPs) were purchased from Sigma-Aldrich (MO, USA). The average diameter of these particles was 50 nm. The mean aggregate size of the particles after dispersal in a medium was assessed using a laser diffraction particle size analyzer (DLS6000AL, Otsuka, Japan) at a concentration of 25 µg/mL.
Preparation of Medium Containing CuO-NPs and Medium Containing Released Cu Ions.
To prepare the medium containing CuO-NPs, CuO-NPs were first dispersed in water sterilized with ultrasonic waves for 15 min. Next, CuO-NPs were added to high-glucose Dulbecco's Modified
Eagle's Medium supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 100 µg/ml streptomycin (hereafter referred to as DMEM) to obtain a concentration of 25 µg/ml CuO-NPs. This medium was prepared just prior to its use. To prepare the medium containing released Cu ions, the medium containing CuO-NPs was incubated in a rotary shaker 37°C for 24 h. The CuO-NPs suspension was then centrifuged at 150,000 × g for 1 h to eliminate the NPs. The upper portion of supernatant was collected and used as medium containing Cu ions released from CuO-NPs.
To measure the concentration of Cu in the supernatant, the supernatant was ashed using nitric acid and perchloric acid, and then diluted with water. The concentration was then measured using coupled plasma optical emission spectrometry (ICP-OES; SPS1700HVR, Seiko Instruments Inc., Chiba, Japan).
To study CuO-NPs in the cell culture medium, a grid for transmission electron microscopy (TEM) Only spots with signal values 3× the noise value or greater were considered valid spots. Data from scans, whose gains were separated into 3 levels, were globally normalized and merged. Finally, locally weighted scatterplot smoothing (LOWESS) adjustment was applied.
The DNA microarray experiment was carried out twice using RNA obtained from different whose ratio of expression levels from the 2 trials was less than double the margin of error were identified as reproducible genes. The ratio of the expression levels of these genes was set as the average value of the 2 trials.
Next, these genes were placed into GO biological process categories using PANTHER gene expression analysis/compare gene lists (http://www.pantherdb.org/tools/genexAnalysis.jsp).
Significant changes were indicated by categories with over(+) and p value < 0.001.
Real-Time Quantitative PCR.
Real-time quantitative PCR (qPCR) was performed to confirm the reproducibility of the ratio of RNA expression levels obtained from independent cultures for certain genes that revealed altered expression levels during the DNA microarray analysis. The primer sequence of each gene for qPCR is shown in Supporting Information (Table S10 ). The expression level of each gene was set as a value relative to the expression level of the GAPDH gene. Statistics. Differences between samples and control were evaluated using two-tailed Student's Knockdown of the expression of these genes markedly increased the cytotoxicity of CuO-NPs (n = 3). **p < 0.05. The knockdown efficiency for each gene is shown in Supporting Information Figure   S10 . 
